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Ly6Chi monocytes seed the healthy intestinal lamina
propria to give rise to resident CX3CR1
+ macro-
phages that contribute to the maintenance of gut
homeostasis. Here we report on two alternative
monocyte fates in the inflamed colon. We showed
that CCR2 expression is essential to the recruitment
of Ly6Chi monocytes to the inflamed gut to become
the dominant mononuclear cell type in the lamina
propria during settings of acute colitis. In the inflam-
matory microenvironment, monocytes upregulated
TLR2 and NOD2, rendering them responsive to
bacterial products to become proinflammatory
effector cells. Ablation of Ly6Chi monocytes amelio-
rated acute gut inflammation. With time, monocytes
differentiated into migratory antigen-presenting cells
capable of priming naive T cells, thus acquiring hall-
marks reminiscent of dendritic cells. Collectively, our
results highlight cellular dynamics in the inflamed
colon and the plasticity of Ly6Chi monocytes,
marking them as potential targets for inflammatory
bowel disease (IBD) therapy.
INTRODUCTION
The gastrointestinal tract hosts a myriad of commensal bacteria
that form a critical microbial metagenome assisting its host
in nutrition. A monolayer of epithelial cells that separates
the gut lumen from deeper tissue ensures efficient food
uptake. This scenario poses a unique challenge, because the
organism has to tolerate the foreign (though beneficial) symbi-
onts and constant exposure to their products. Rather than1076 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inremaining unresponsive, the host actively controls the micro-
biota composition by secretion of antimicrobial peptides and
immunoglobulins (Bevins and Salzman, 2011; Peterson et al.,
2007). Conversely, defined intestinal commensals critically
shape the gut-associated immune system, e.g., the prevalence
of distinct helper and regulatory T cell populations (Atarashi
et al., 2011; Ivanov et al., 2009). Importantly, the organism
has to remain sensitive to deviations from this ‘‘primed homeo-
stasis’’ and rapidly respond to invading entero-pathogens or
injuries causing epithelial damage. Failure to maintain this
exquisite balance and hyperresponsiveness in genetically pre-
disposed individuals results in chronic inflammatory bowel
disorders (IBD) such as Crohn’s disease and ulcerative colitis
(Cho, 2008).
Tissue-resident dendritic cells (DCs) and macrophages are
key players in the control of innate and adaptive immune reac-
tions. Emerging evidence for unique contributions of these cells
to the initiation and control of intestinal innate and adaptive
immune responses supports the notion of distinct functional
entities (Varol et al., 2010). The intestinal steady-state mononu-
clear phagocyte compartment comprises two types of preDC-
derived, Flt3L-dependent CD11c+ DCs that are in the gut
marked by expression of the alphaE integrin CD103. Like in
lymphoid organs, these classical DCs can be further sub-
divided according to their dependence on the transcription
factor BatF3 into CD11b and CD11b+ subpopulations (Edelson
et al., 2010).
In addition to these short-lived DCs, the steady-state lamina
propria harbors a major population of resident nonmigratory
CD11clo macrophages, which are marked by prominent surface
expression of F4/80 (EMR1) and the CX3CR1 chemokine
receptor. CX3CR1
hi macrophages are derived from monocytes
in a M-CSF-dependent pathway (Bogunovic et al., 2009; Varol
et al., 2009), and they acquire in the gut, potentially under
the influence of the microflora-exposed epithelium, a distinctc.
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CX3CR1
hi macrophages have an extended half-life and are
considered to critically contribute to the maintenance or local
expansion of T effector or regulatory cell numbers in the lamina
propria (Hadis et al., 2011). They have been shown to gain
access to the gut lumen by virtue of trans-epithelial dendrites
(Niess et al., 2005; Rescigno et al., 2001) and are believed to
contribute to gut homeostasis by production of IL-10 (Denning
et al., 2007; Hadis et al., 2011).
Monocytes, the third population of mononuclear phagocytes,
are continuously generated in the bone marrow (BM) from
dedicated macrophage and DC precursors (MDPs) (Varol
et al., 2007) and released to the circulation. Discrete expres-
sion of CX3CR1-GFP in Cx3cr1
gfp animals led to the identifica-
tion of two monocyte subsets in mice: CX3CR1
intLy6Chi and
CX3CR1
hiLy6Clo cells (Geissmann et al., 2003; Palframan
et al., 2001). CX3CR1
hiLy6Clo ‘‘patrolling’’ monocytes—the
correlate of human CD14dimCD16+ cells (Cros et al., 2010)—
have been shown to adhere and crawl along the luminal vessel
surfaces of endothelial cells (Auffray et al., 2007). CX3CR1
int
Ly6Chi monocytes, the correlate of human CD14+CD16+ and
CD14+CD16monocytes (Cros et al., 2010), are poised to traffic
to sites of infection and inflammation (Geissmann et al., 2003;
Serbina and Pamer, 2006). CX3CR1
intLy6Chi monocytes have
a short circulation half-life (Liu et al., 2009) and tend to differen-
tiate in steady state by default into CX3CR1
hiLy6Clo cells (Varol
et al., 2007). In contrast, under inflammation, CX3CR1
intLy6Chi
monocytes are recruited to the sites of insult where they
can transiently complement resident macrophage populations
(Ajami et al., 2011). Notably, the intestinal macrophage compart-
ment is unique in that it continuously recruits monocytes in
homeostasis for its replenishment—most probably because of
tonic low-grade inflammation caused by the microflora expo-
sure of this tissue. In addition to the macrophage fate, Ly6Chi
monocytes have been shown to give rise to a distinct population
of TNF and iNOS-producing inflammatory monocyte-derived
DCs, as well as cells that share other functional features of
classical DCs, although functional contributions of these cells
remain less well defined (Cheong et al., 2010; Serbina et al.,
2003).
Here we demonstrate, by using an acute innate model of
colitis, that infiltrating Ly6Chi monocytes acquire in the in-
flamed colonic lamina propria two functionally distinct fates.
Instead of giving rise to resident CX3CR1
hi macrophages as
in the healthy colon, the monocyte infiltrate initially differenti-
ated into CX3CR1
intLy6Chi effector cells that sensed bacterial
products via TLR and NOD2 and critically promoted inflamma-
tion through the production of proinflammatory mediators,
such as IL-6, IL-23, VEGFa, and iNOS. With time, the mono-
cyte infiltrate gave rise to a phenotypically and functionally
distinct CX3CR1
intLy6Clo population displaying migratory DC
hallmarks including the uptake and processing of orally
acquired antigens and priming of naive CD4+ T cells, as well
as CCR7 expression that endowed it with the capacity to
emigrate from the colonic lamina propria toward the tissue-
draining lymph nodes. Collectively, our results highlight the
dynamics of myeloid cells in the inflamed colon and the plas-
ticity of Ly6Chi monocytes, marking them as potential future
targets for IBD therapy.ImmRESULTS
Intestinal Steady-State CX3CR1-GFP
hi Macrophages
Exhibit an Anti-inflammatory Gene Expression
Signature
Macrophages are the most abundant mononuclear phagocytes
in the steady-state lamina propria of the colon (Figure 1A), char-
acterized by surface expression of the integrins CD11c and
CD11b as well as the F4/80 antigen. Intestinal macrophages
also express high levels of the chemokine receptor CX3CR1,
rendering them readily detectable by flow cytometry and
histology in mice harboring a GFP reporter gene insertion in
their CX3CR1 gene (Jung et al., 2000). The colonic steady-
state mononuclear compartment includes also CD11chiCD103+
CD11b and to a lesser extent CD11c+CD103+CD11b+ DCs
(Figure 1A). Data from adoptive monocyte transfers into macro-
phage-depleted animals have established that these cells are
derived from Ly6Chi blood monocytes (Bogunovic et al., 2009;
Varol et al., 2009). Upon arrival in the healthy tissue, monocytes
acquire a discrete noninflammatory gene expression profile
compatible with tissue homeostasis and their extended half-life
(Rivollier et al., 2012).
To molecularly define this education process, we determined
gene expression signatures of Ly6Chi monocytes and their
descendants isolated from the colon of diphtheria toxin (DTx)-
treated CD11c-DTR mice reconstituted by monocyte engraft-
ment (Varol et al., 2009). Graft-derived cells acquired a gene
expression profile highly similar to CX3CR1-GFP
hi resident
macrophages (Figure 1B) with a Pearson’s correlation coefficient
of 0.95 by correlation matrix analysis (Figure 1C). This included
the induction of IL-10 and TREM-2, IRAK-M, and TNFAIP3
(A20). TNF-a, known to exert both pro- and anti-inflammatory
activities (Kassiotis and Kollias, 2001), also increased in expres-
sion although it did not always reach the levels observed in
CX3CR1-GFP
hi residentmacrophages (TableS1availableonline).
To study the fate of amonocyte graft in the intestinal tissue, we
used an endoscopy-guided injection of Cx3cr1gfp/+ monocytes
into the colonic lamina propria of healthy WT C57BL/6 mice via
a protocol we recently established for an orthotopic colon cancer
model (Zigmond et al., 2011). As seen in Figure 1D, 12 hr after
injection, Ly6Chi monocytes could readily be detected as
CX3CR1-GFP
intLy6Chi cells in colonic cell suspensions and by
72 hr gave rise to macrophages that expressed high CX3CR1-
GFP, lost Ly6C expression, and acquired the F4/80 marker.
Collectively, these data corroborate earlier findings (Rivollier
et al., 2012; Varol et al., 2009) that Ly6Chi monocytes are edu-
cated in the steady-state colon to differentiate into CX3CR1-
GFPhi macrophages displaying a noninflammatory gene expres-
sion signature.
Intestinal Inflammation Induces the Infiltration
of CX3CR1-GFP
int Cells
To probe for alterations in themononuclear phagocyte composi-
tion of the colonic lamina propria in response to acute inflam-
matory challenges, we subjected Cx3cr1gfp/+ mice to an oral
dextran sodium sulfate (DSS) regimen. This established colitis
model is characterized by ulceration and submucosal inflamma-
tion provoked by disruption of the epithelial barrier and result-
ing exposure to luminal microbiota (Okayasu et al., 1990). Inunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inc. 1077
Figure 1. Steady-State Colonic Lamina Propria Predominantly Harboring Ly6Chi Monocyte-Derived CX3CR1-GFP
hi Macrophages
(A) Flow cytometry analysis of steady-state colonic lamina propria of Cx3cr1gfp/+ mice indicating definitions and gating strategy.
(B) Based on the microarray data, a total of 4,412 differentially expressed genes were chosen, with at least 2-fold change between any of the three investigated
cell populations: steady-state CX3CR1-GFP
hi macrophages (pooled isolate of ten mice), Ly6Chi monocyte-graft-derived CX3CR1-GFP
hi macrophages (pooled
isolate of 14 engrafted CD11c-DTR/WT BM chimeras, 14 days after monocyte transfer), and Ly6Chi monocytes (isolated from six spleens). The log 2 intensities
were standardized to have for each gene zero mean and unit standard deviation. Hierarchical clustering of the standardized values was performed with the
Pearson dissimilarity measure. The expression profile is accompanied by a colored bar indicating the standardized log 2 intensities.
(C) The correlation matrix of pair-wise correlations (Pearson coefficient) describing the similarity between the different investigated cell populations is shown for
the genes that are shown in (B). Correlations are color-coded according to the shown bar.
(D) Flow cytometry analysis of recipient colons (CD45.2) 1 and 3 days after endoscopy-assisted submucosal injection of 2 3 105 Ly6Chi monocytes
(Cx3cr1gfp/+CD45.1). Results are representative of three independent experiments.
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Monocyte Descendants in the Inflamed Colonaccordance with earlier reports on other colitis models (Rivollier
et al., 2012; Weber et al., 2011) or DSS-induced colitis (Platt
et al., 2010; Waddell et al., 2011), flow cytometry analysis of the
inflamed colonic lamina propria revealed the progressive emer-
gence of CX3CR1-GFP
int cells concomitant with amarked reduc-
tion in the frequency of CX3CR1-GFP
hi resident macrophages
(Figure 2A). The accumulation of CX3CR1-GFP
int cells reached
its peak at day 7 after the initial DSS exposure, outnumbering
CX3CR1-GFP
hi residentmacrophages by 10-fold, andwas asso-1078 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inciated with neutrophil infiltration and significant destruction of
the crypt architecture, as determined by histology (Figures 2A–
2C). Flow cytometric characterization of the CX3CR1-GFP
int
infiltrate identified them as CD11bhi cells that expressed low
levels of F4/80 and could be further divided into Ly6Chi and
Ly6Clo subpopulations (Figure 2D). Of note, CX3CR1-GFP
int cells
are also detectable at low frequency in healthy colonic lamina
propria (Platt et al., 2010; Schulz et al., 2009; Varol et al., 2009);
however, most of these cells were negative for the Ly6C markerc.
Figure 2. Colitic Colon Recruits CX3CR1-GFP
int Cells
(A) Representative flow cytometry plots gated on CD45+ living cells isolated from steady-state colonic lamina propria ofCx3cr1gfp/+ mice and on days 4, 7, 11, and
18 after DSS challenge.
(B) Representative fluorescent microscopy images ofCx3cr1gfp/+ colons at steady state and day 4 and 7 after DSS challenge (green, CX3CR1-gfp; blue, Hoechst;
original magnifications 103).
(C) Dynamics of cellular infiltrates in colitic colon; CX3CR1-GFP
int cells (red triangle), CX3CR1-GFP
hi resident macrophages (blue square), and CD11bhiGr1hi
neutrophils (black circle), presented as percentages out of CD45+ living cells, mean (SEM) (n = 4 for any time point).
(D) Flow cytometry analysis of steady state and DSS day 4 colitis showing selective expression of Ly6C and F4/80markers on CX3CR1-GFP
int and CX3CR1-GFP
hi
mononuclear phagocytes, respectively. Results are representative of three or more independent experiments.
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Monocyte Descendants in the Inflamed Colon(Figure 2D). Comparative analysis of the CX3CR1-GFP
int infiltrate
and the CX3CR1-GFP
hi resident macrophages revealed that
the former were smaller and less granular (Figure S1A). All popu-
lations expressed the pattern recognition receptor CD14 as
well as the costimulatory molecule CD86 although expression
of the latter was lower in CX3CR1-GFP
int subsets. Importantly,
Ly6ChiCX3CR1-GFP
int cells were negative for CD11c and about
half of the cells expressed intermediate levels of MHC class II,
whereas CX3CR1-GFP
intLy6Clo cells were uniformly positive for
both CD11c and MHCII (Figures S1A and S1B).
Thus, within the acutely inflamed colon, CX3CR1-GFP
hi
resident macrophages are progressively, but transiently, re-
placed by a heterogeneous CD11bhiCX3CR1-GFP
int cell popula-Immtion composed of Ly6ChiCD11cMHCII/+ and Ly6CloCD11c+
MHCIIhi cells.
CX3CR1-GFP
int Cells Arise from Ly6Chi Monocytes and
Are Recruited in a CCR2-Dependent Manner
To probe for the origin of the CX3CR1-GFP
int cell subsets, we
performed adoptive monocyte transfers into DSS-challenged
animals. Rather than differentiating into CX3CR1-GFP
hiF4/80hi
macrophages (Figure 1D), grafted Ly6Chi monocytes gave rise
to CX3CR1-GFP
intLy6ChiF4/80loCD11c cells 1 day after trans-
fer. By 72 hr after transfer, the graft had further differentiated
into CX3CR1-GFP
intLy6CloF4/80lo cells with high expression of
MHCII and CD11c (Figure 3A).unity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inc. 1079
Figure 3. CX3CR1-GFP
int Cells Arise from Ly6Chi Monocytes under Inflammatory Conditions in a CCR2-Dependent Manner
(A) Flow cytometry analysis of DSS-challenged WT recipient mice (CD45.2) adoptively transferred with Ly6Chi monocytes (3 3 106; Cx3cr1gfp/+, CD45.1).
Monocytes were engrafted on day 4 after onset of DSS treatment; analysis was performed 24 and 72 hr posttransplantation.
(B) Flow cytometry analysis of colon of Cx3cr1gfp/+ and CX3CR1
gfp/+Ccr2/ mice for CD45+ living cells at day 5 after DSS onset. Graphical summary of
percentage of indicated cell subset out of CD45+ cells, mean (SEM) (n = 3).
(C) Flow cytometry analysis of colon of CD45.2 WT recipient mice 72 hr after intravenous adoptive transfer of Ly6Chi monocyte graft composed of 1.5 3 106
Cx3cr1gfp/+CD45.1 cells and 1.5 3 106 Cx3cr1gfp/+Ccr2/ CD45.2 cells at day 4 after onset of 2% DSS treatment. Results are representative of two or more
independent experiments.
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Monocyte Descendants in the Inflamed ColonThe chemokine receptor CCR2 is required for emigration of
Ly6Chi monocytes from the BM, resulting in a paucity of Ly6Chi
monocytes in the circulation of Ccr2/ mice (Serbina and
Pamer, 2006). Flow cytometry analysis of Ccr2/Cx3cr1gfp/+
mice subjected to DSS-induced colitis revealed a failure of these
animals to accumulate Ly6Chi and Ly6CloCX3CR1-GFP
int cells in
their inflamed colon, further supporting the notion that both
these subsets derive from Ly6Chi monocytes (Figure 3B). More-
over, adoptive transfer of a mixed monocyte graft consisting of
CD45.2 Ccr2/ and CD45.1 CCR2-sufficient Cx3cr1gfp/+Ly6Chi
monocytes into WT recipients at day 4 after DSS challenge re-
sulted in the exclusive recruitment of CD45.1+ WT cells to the in-
flamed colonic lamina propria (Figure 3C). Thus, CCR2+Ly6Chi
monocytes within the colonic lamina propria differentiate into
CX3CR1-GFP
hi resident macrophages in steady state but give1080 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inrise to Ly6Chi and Ly6CloCX3CR1-GFP
int cells under inflamma-
tory settings.
Molecular Characterization of Infiltrating CX3CR1
int
and Resident CX3CR1
hiF4/80hi Colonic Mononuclear
Phagocytes
To study molecular aspects of intestinal monocyte-derived
mononuclear phagocyte subsets under inflammatory condi-
tions, we performed an mRNA microarray analysis on highly
purified cells freshly isolated from the colonic lamina propria of
DSS-challenged colitic Cx3cr1gfp/+ mice. CX3CR1-GFP
hi resi-
dent macrophages, CX3CR1-GFP
intLy6Chi cells, and CX3CR1-
GFPintLy6Clo cells were sorted on day 4 after DSS challenge.
For comparison, we isolated CX3CR1-GFP
hi resident macro-
phages fromuntreated, healthyCx3cr1gfp/+ animals (Figure S2A).c.
Figure 4. Molecular Characterization of Infiltrating CX3CR1-GFP
int and Resident CX3CR1-GFP
hiF4/80hi Colonic Mononuclear Phagocytes
(A) Affymetrix microarray performed on mRNA of sorted CX3CR1-GFP
hiF4/80hi resident macrophages (steady state, n = 10; and DSS day 4, n = 12), CX3CR1-
GFPintLy6Chi and CX3CR1-GFP
intLy6Clo cells (DSS day 4, n = 12), and splenic Ly6Chi monocytes (DSS day 4, n = 7). Genes exhibiting a fold change of at least 2
between any two of the investigated cell populations were chosen (5,980 genes). The log 2 intensities were standardized to have for each gene zeromean and unit
standard deviation. K-means partitioning clustering was performed with Pearson dissimilarity as a distance measure. The number of partition clusters was set to
six. The expression profile is accompanied by a colored bar indicating the standardized log 2 intensities.
(B) The heat map demonstrates expression changes for selected genes (derived from A). The expression profile is accompanied by a colored bar indicating the
standardized log 2 intensities.
(C) Graphical summary of qRT-PCR analysis showing the mRNA level ratio of indicated cytokines between CX3CR1
intLy6Chi, CX3CR1
intLy6Clo mononuclear
phagocytes, and CX3CR1
hiF4/80hi resident macrophages sorted from colonic lamina propria of DSS-challenged mice (day 4). Results represent mean (SEM) of
two independent experiments with pooled cells from 8–12 mice per experiment.
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Monocyte Descendants in the Inflamed ColonFurthermore, we profiled Ly6Chi monocytes sorted from the
spleens on day 4 after DSS challenge, because the splenic
monocyte reservoir has been proposed to be mobilized to
inflammatory foci (Swirski et al., 2009) and hence might serve
as direct source of the CX3CR1-GFP
intLy6Chi cells. Microarray
analysis for genes differentially expressed between the subsets
revealed high similarity between CX3CR1-GFP
hi macrophages
in steady state and DSS conditions (Figures 4A and 4B), with
a Pearson’s correlation coefficient of 0.97 (see Figure S2B for
the full correlation matrix). The fact that this population remains
largely unaffected by acute inflammation highlights the robust-
ness of its gene expression signature. Expression of selected
genes correlated with the markers used to sort the cells, i.e.,
CX3CR1, F4/80, and Ly6C (Figure 4B). Whereas CX3CR1-GFP
hi
resident macrophages isolated from inflamed colons displayed
the typical noninflammatory expression pattern, CX3CR1-GFP
int
Ly6Chi cells exhibited a pronounced proinflammatory signature
with high expression of TREM-1, iNOS, IL-6, and IL-23. Microar-
ray analysis confirmed that these cells are distinct from the
CX3CR1-GFP
hi resident macrophages, their Ly6Chi monocytic
precursors, and their CX3CR1/GFP
intLy6Clo descendants with
a Pearson’s correlation coefficient of 0.82, 0.81, and 0.83,Immrespectively (Figure S2A). In accordancewith our previous report
(Varol et al., 2009), the cytokine TNF-a was found to be exclu-
sively expressed by CX3CR1-GFP
hiF4/80hi resident macro-
phages (Figures 4B and 4C). qRT-PCR analysis of mRNA ex-
tracted from CX3CR1-GFP
intLy6Chi and Ly6Clo cell subsets
and resident macrophages at day 4 of DSS challenge confirmed
their differential cytokine expression (Figure 4C).
In agreement with the role of CCR2 (Figures 3B and 3C), the
CX3CR1-GFP
intLy6Chi infiltrating cells uniquely expressed this
chemokine receptor. The notion that CX3CR1-GFP
intLy6Clo cells
are CCR2 yet significantly reduced in Ccr2/mice (Figures 3B
and 3C) links these cells with circulating Ly6Chi monocytes
and Ly6Chi effector monocytes. Interestingly, the CCR2 ligands
CCL2, CCL7, and CCL8 were found expressed by resident
macrophages and moderately upregulated under inflammation,
potentially implying involvement of the latter in the recruitment
of the monocytes (Figure 4B).
Resident and infiltrating cells also differed significantly in their
expression of C-type lectin receptors (CLRs) known to con-
tribute to innate immune responses through pathogen pattern
recognition (Mukhopadhyay et al., 2009). Accordingly, the DC-
specific ICAM-3 grabbing nonintegrin (DC-SIGN) isoform Aunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inc. 1081
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Monocyte Descendants in the Inflamed Colon(CD209a) was highly expressed by the infiltrating cells, whereas
macrophage mannose receptor 1 (MRC1) expression was ele-
vated on resident macrophages. The latter also expressed
higher levels of the CD163 scavenger receptor (Figure 4B).
The CX3CR1-GFP
intLy6Clo cells exhibited markedly lower
expression of the proinflammatory mediators IL-6, IL-23,
NOS2, VEGFa, IL-1a, and TREM1 and differed considerably
from the other monocyte-derived subsets by high expression
of CCR7 (Figures 4B and 4C).
Collectively, the molecular profiles further elaborate on the
phenotypic and functional variance between monocyte-derived
mononuclear phagocyte subsets in steady-state and inflamed
colon and suggest that CX3CR1-GFP
intLy6Chi cells are proin-
flammatory effector monocytes.
Ablation of CX3CR1-GFP
intLy6Chi Effector Monocytes
Ameliorates DSS-Induced Colitis
CX3CR1-GFP
intLy6Chi effector monocytes and their immediate
precursors, the Ly6Chi blood monocytes, express CCR2 and
are hence amenable to conditional in vivo ablation by the
depleting CCR2 antibody MC-21 (Bru¨hl et al., 2007; Shechter
et al., 2009). Notably, this protocol spares CCR2 resident
CX3CR1-GFP
hiF4/80hi macrophages (Figures 5A, 5B, and S3).
To investigate the functional contribution of the CX3CR1-GFP
int
Ly6Chi effector monocytes to the DSS-induced gut inflamma-
tion, we injected Cx3cr1gfp/+ animals with MC21 starting at day
2 after DSS exposure, once a day, for a period of 5 days, i.e.,
throughout the window of progressive colonic recruitment of
Ly6Chi monocytes (Figures 2A–2C). Flow cytometry analysis of
blood of the MC21-treated animals confirmed the depletion
of Ly6Chi but not CCR2Ly6Clo monocytes (Figure 5A). Analysis
of the colonic lamina propria revealed the absence of CX3CR1-
GFPintLy6Chi effector monocytes. Importantly, no alterations
of resident macrophages and neutrophil frequencies were ob-
served, although CCR2CX3CR1-GFP
intLy6Clo cells were also
significantly reduced, supporting their origin from CCR2+
effector monocytes (Figures 5A, 5B, and S3). DSS-challenged
mice depleted of Ly6Chi blood monocytes and the CX3CR1-
GFPint infiltrate exhibited significantly milder features of colitis
as evaluated and quantified by colonoscopy and body mass
change at day 7 after DSS onset (Figures 5C–5E). Moreover,
ELISA on colon explant cultures showed a significant reduction
of proinflammatory cytokines, such as IL-6 and IL-1b, as well
as IFN-g (Figure 5F). This finding was corroborated by results
of a qRT-PCR analysis of mRNA extracted from the colonic
tissue that revealed significantly reduced levels of IL-6, IL-
23p19, IL-1a, IL1-b, TGF-b1, and TREM1, all shown by our
chip analysis to be highly expressed exclusively in effector
monocytes, along with reduced IFN-g expression (Figure S4).
Collectively, these data establish CX3CR1-GFP
intLy6Chi
effector monocytes in this acute experimental colitis model as
pivotal drivers of the colonic inflammation.
Proinflammatory Activities of CX3CR1-GFP
intLy6Chi
EffectorMonocytes canBeTriggered byTLR2andNOD2
Ligands
A comprehensive ‘‘function and pathway’’ analysis of our micro-
array data revealed the selective activation of NOD1, NOD2,
and TLR2 signaling pathway in CX3CR1-GFP
intLy6Chi effector1082 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inmonocytes versus resident CX3CR1-GFP
hi macrophages and
CX3CR1-GFP
intLy6Clo cells. The array data and subsequent
qRT-PCR analysis showed high mRNA expression levels of
NOD1 and NOD2, caspase recruitment domain-containing
protein 9 (CARD 9), as well as increased expression of Toll-
like receptor 2 (TLR2), inhibitor of nuclear factor kappa-B
kinase subunit beta (IKK-b or Ikbkb), and the NF-kappa-B
complex proteins RelB, NF-kB1 (p50), and NF-kB2 (p52) in infil-
trating compared to resident cells (Figures 6A and 6B). Impor-
tantly, TLR2 and NOD2 expression were also upregulated in
effector monocytes, as compared to splenic Ly6Chi monocytes
(Figure 6A).
To probe whether the proinflammatory signature of the
effector monocytes could have been a result of TLR and NOD2
engagement, we isolated the cells from colitic mice and exposed
them to the respective ligands. CX3CR1-GFP
intLy6Chi effector
monocytes treated with the synthetic TLR2 ligand Pam3CSK4
but also the TLR4 ligand LPS responded to the stimuli with
substantial IL-6 secretion (Figure 6C), well exceeding the
response of CX3CR1-GFP
intLy6Clo cells andCX3CR1-GFP
hi resi-
dent macrophages, included in this assay. Addition of muramyl
dipeptide (MDP), a peptidoglycan constituent of Gram-positive
and -negative bacteria and ligand for the intracellular sensor
NOD2, resulted in synergistic augmentation of IL-6 production.
To test the role of TLR2 and NOD2 in the development of
acute gut inflammation, we generated BM chimeras with the
respective mutant BM. After exposure of the animals to DSS,
Tlr2//WT and Nod2//WT chimeras exhibited signifi-
cantly milder features of colitis as assessed and quantified by
colonoscopy at day 7 after onset of DSS application (Figures
6D and 6E). Moreover, in support of the notion of an exacer-
bating role of microbial product-sensing innate immune cells
in the DSS model (Rakoff-Nahoum et al., 2004), Myd88/
Ticam1//WT mice also were relatively protected compared
to WT/WT controls (Figures 6D and 6E). Expression of IL-6
and IL-23 (p19) was found only moderately reduced in Tlr2/
and Nod2/Ly6Chi effector monocytes compared to WT cells
but was most evident in Myd88/Ticam1/ Ly6Chi effector
monocytes (Figure 6F). Thus, TLRs other than TLR2 might
also be critical for induction of proinflammatory cytokines in
CX3CR1-GFP
intLy6Chi effector monocytes.
Collectively, these results suggest that the proinflammatory
signature of CX3CR1-GFP
intLy6Chi effector monocytes results
from their exposure to bacterial products in the lamina propria
and the activation of the TLR and NOD2 pathways in these cells.
Monocyte-Derived CX3CR1-GFP
intLy6Clo Cells Are
Migratory, Acquire and Process Luminal Antigens,
and Can Stimulate T Cells
The prominent hallmarks of classical DCs are their ability to
migrate to the tissue-draining LNs and stimulate naive T cells.
In the intestinal lamina propria, CCR7-dependent migration to
the mLNs has been shown to be specific feature of CD103+
lamina propria DCs (Bogunovic et al., 2009; Coombes et al.,
2007; Jaensson et al., 2008; Johansson-Lindbom et al., 2005;
Schulz et al., 2009), whereas CCR7CX3CR1-GFP
hiF4/80hi resi-
dent macrophages are considered nonmigratory and hence
absent from lymph and mesenteric LNs (Schulz et al., 2009).
Our adoptive transfer established that in inflamed colon, Ly6Chic.
Figure 5. Ablation of CX3CR1-GFP
intLy6Chi Effector Monocytes Ameliorates DSS-Induced Colitis
(A) Flow cytometry analysis of blood (gated on CD11b+ cells) and colonic lamina propria (gated on CD45+ living cells) of mice subjected to DSS (day 7) and treated
with MC21 antibody or saline for 5 days.
(B) Graphical summary of MC21 antibody treatment effect on colonic lamina propria mononuclear phagocytes subsets, as well as PMNs, mean (SEM) out of
CD45+ living cells.
(C) Graphical summary of endoscopic colitis grades assessed on day 7 after DSS initiation for mice left untreated or receiving concomitant MC21 antibody
treatment (n = 19 and n = 17, respectively).
(D) Representative colonoscopy images of indicated DSS-treated mice (day 7) with or without MC21 antibody treatment (stills taken from Movie S1).
(E) Graphical summary of body mass changes after DSS challenge of mice left untreated or receiving concomitant MC21 antibody treatment. Asterisk indicates
p < 0.05 at a specific time point.
(F) Graphical summary of IL-6, IL-1b, and IFN-g levels determined by ELISA in colon explant culture supernatant extracts from colons of mice subjected to 7 day
DSS treatment with or without MC21 antibody supplement. Results are representative of two or more independent experiments.
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intLy6Chi and CX3CR1-
GFPintLy6Clo cells (Figure 3A). Our microarray analysis revealed
marked CCR7 mRNA expression in Ly6Chi effector monocytes
as compared to CX3CR1-GFP
hiF4/80hi resident macrophages
and Ly6Chi splenic monocytes. Moreover, CCR7 transcription
was further upregulated in CX3CR1-GFP
intLy6Clo cells (Fig-Immure 4B), as also confirmed by qRT-PCR analysis (Figure 7A).
CX3CR1-GFP
intLy6Clo cells did not respond to the Pam3 or
MDP challenge with IL-6 production and thus seem to have
lost the proinflammatory activity of effector monocytes (Fig-
ure 6C). In order to examine whether CCR7 expression on
CX3CR1-GFP
int monocyte-derived cells endows these cellsunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inc. 1083
Figure 6. TLR2 and NOD2 Ligands Trigger Proinflammatory Activity of CX3CR1-GFP
intLy6Chi Effector Monocytes
(A) Heat map demonstrating expression changes for genes involved in TLR2 and NOD signaling (derived from Figure 4A). Expression profile is accompanied by
a colored bar indicating the standardized log 2 intensities.
(B) Graphical summary of qRT-PCR analysis showing fold mRNA expression of TLR2 and NOD2 in CX3CR1-GFP
hiF4/80hi resident macrophages and CX3CR1-
GFPintLy6Clo cells over CX3CR1-GFP
intLy6Chi effector monocytes. Graph depicts means (SEM) of two independent experiments, each of which comprised pooled
RNA from 8–12 mice.
(C) ELISA results of IL-6 production by CX3CR1-GFP
intLy6Chi effector monocytes, CX3CR1-GFP
intLy6Clo cells, and CX3CR1-GFP
hiF4/80hi resident macrophages
sorted from the colonic lamina propria at DSS day 7 and cultured for 16 hr with MDP (Enzo Life Science) (10 mg/ml), Pam3CSK4 (InvivoGen) (10 mg/ml), LPS
(Sigma) (100 ng/ml), or combinations of the above. Results are representative of two independent experiments.
(D) Graphical summary of endoscopic colitis grades assessed on day 7 after DSS initiation for Tlr2//WT, Nod2//WT, andMyd88/Ticam1//WT BM
chimeras, as well as WT/WT controls.
(E) Graphical summary of body mass changes of DSS-treated Tlr2//WT, Nod2//WT, andMyd88/Ticam1//WT BM chimeras, as well as WT/WT
controls.
(F) Graphical summary of qRT-PCR analysis showing fold mRNA expression of IL-6 and IL-23 (p19) of CX3CR1-GFP
intLy6Clo cells isolated from DSS-challenged
Tlr2//WT,Nod2//WT, andMyd88/Ticam1//WTBM chimeras, as well asWT/WT controls. Results are representative of two or more independent
experiments.
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Monocyte Descendants in the Inflamed Colonwith a capability to migrate in vivo, we resorted to two-photon
microscopy imaging. To visualize afferent lymphatic vessels
draining the proximal colon toward the mesenteric LNs and
distinguish them from blood vessels, we i.v. injected mice with
Evans Blue followed by injection of Dextran-FITC 30 min later.
This resulted in lymphatic vessels labeled with the drained Evans
Blue fluorescence (red), whereas blood vessels lit up in both red1084 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inand green (Figure 7B). In agreement with earlier reports on the
small intestinal lymphatics (Schulz et al., 2009), scanning of the
colonic lymphatic vasculature of CX3CR1
gfp/+ mice in steady
state demonstrated only rare CX3CR1-GFP
+ cells inside the
vessels (Figure 7B). In contrast, analysis of lymphatics drain-
ing the colon of DSS-challenged mice revealed numerous
CX3CR1-GFP
+ cells in the vessel lumen (Figure 7B), supportingc.
Figure 7. CX3CR1-GFP
intLy6Clo Cells Are Migratory, Acquire Luminal Antigens, and Can Stimulate Naive T Cells
(A) Graphical summary of qRT-PCR analysis of CCR7 expression by CX3CR1-GFP
intLy6Clo and CX3CR1-GFP
hiF4/80hi resident macrophages versus CX3CR1-
GFPintLy6Chi cells isolated from colitic colon. Results are mean (SEM) of two independent experiments with pooled cells from 8–12 mice per experiment.
(B) Representative pictures obtained by two-photon microscopy imaging of lymphatic vessels draining the colon of Cx3cr1gfp/+ mice in steady state and at
DSS day 9.
(C) Flowcytometry analysisofOVA-specificCFSE-labeledCD4+Tcells (OT-II) 3.5daysafter their coculturewithCX3CR1-GFP
intLy6Clo cells,CX3CR1-GFP
intLy6Chi
effector monocytes, or CX3CR1
hiF4/80hi resident macrophages (1:2 ratio) isolated from DSS day 7 colon of CX3CR1
gfp/+ mice gavaged with 100 mg OVA 1 day
earlier. Graph summarizes percentages of proliferated/CFSElo CD4+ T cells out of total CD4+ T cells. Results represent mean (SEM) of three independent
experiments with pooled cells from three mice per experiment for CX3CR1-GFP
intLy6Clo and CX3CR1-GFP
intLy6Chi cells and a pool of seven mice for CX3CR1-
GFPhiF4/80hi cells.
(D) Flow cytometry analysis of colonic lamina propria of Zbtb46gfp/+/WTBM chimeras subjected to DSS (day 7) treated with MC21 antibody or saline for 5 days.
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int monocyte-derived cells
are migratory.
In light of our transfer results (Figure 3A), these data suggest
that the monocyte graft gives rise to Ly6Chi effector monocytes
and migratory Ly6Clo cells sequentially that upregulate MHCII
expression and hence seem to acquire APC potential. To directly
address this point, we next tested the ability of the variousmono-
cyte-derived mononuclear phagocyte subsets to ingest andImmprocess orally applied antigen for naive T cell stimulation.
DSS-challenged colitic Cx3cr1gfp/+ mice were gavaged with
ovalbumin (OVA) protein and 12 hr later sacrificed to isolate
colonic CX3CR1-GFP
intLy6Chi effector monocytes, CX3CR1-
GFPintLy6Clo cells, and CX3CR1-GFP
hi resident macrophages
for coculture with CFSE-labeled OVA-specific CD4+ T cells
(OT-II cells). As seen in Figure 7C, CX3CR1-GFP
intLy6Clo
cells induced a significant proliferative expansion of the CD4+unity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inc. 1085
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Monocyte Descendants in the Inflamed ColonT cells as indicated by the dilution of the CFSE dye (and TCR
downmodulation). In contrast, the CX3CR1-GFP
intLy6Chi cells
exhibited only moderate antigen stimulatory capability, and,
in accordance with previous studies (Schulz et al., 2009),
CX3CR1-GFP
hiF4/80hi resident macrophages failed to prime
the naive CD4+ T cells altogether.
Besides their high MHC II and CCR7 expression, the gene
expression analysis of CX3CR1-GFP
intLy6Clo cells also revealed
other DC signatures, such as expression of CD135, the receptor
for the cytokine Fms-related tyrosine kinase 3 ligand (Flt3L), and
expression of the transcription factor Zbtb46 (BTBD4), amember
of the BTB-ZF family, recently proposed to be specifically
expressed in cDCs among immune cells (Meredith et al., 2012;
Satpathy et al., 2012). To further address the Zbtb46 expres-
sion within the CX3CR1-GFP
intLy6Clo cell compartment, we re-
constituted irradiatedWT recipients with Zbtb46gfp/+ BM (Satpa-
thy et al., 2012) and subjected the resulting Zbtb46gfp/+/WT
chimeras to a DSS challenge. DSS-treated Zbtb46gfp/+/WT
mice displayed a prominent accumulation of Ly6Clo cells, a frac-
tion of which expressed the GFP label, thus confirming Zbtb46
expression (Figure 7D). Moreover, treatment of the mice with
the CCR2 MC21 antibody significantly reduced both Zbtb46-
GFP+ and Zbtb46-GFPLy6Clo cells, confirming that both cell
types were recently derived from CCR2-expressing cells.
Collectively, these results suggest that monocytes that enter
the inflamed colon differentiate with time into migratory
antigen-presenting cells exhibiting phenotypic and functional
characteristics of monocyte-derived DCs.
DISCUSSION
Here we explored differential fates of blood monocytes in the
healthy and inflamed colon of mice. Corroborating earlier find-
ings, we showed that Ly6Chi monocytes differentiated in healthy
tissue into resident CX3CR1
hi macrophages, acquiring a charac-
teristic noninflammatory gene expression profile. In contrast to
their homeostatic differentiation fate, upon CCR2-dependent
recruitment into acutely inflamed colonic tissue, Ly6Chi mono-
cytes activated TLR-NOD2 recognition pathways to become
responsive to bacterial products and give rise to IL-6- and
IL-23-secreting proinflammatory effector cells that critically
promoted colitis. With time, however, monocytes differentiated
further into CX3CR1
intLy6CloCD11c+MHCIIhi cells, increased
CCR7 expression, and acquired the ability to migrate to draining
LNs as well as the potential to stimulate naive T cells toward
luminal gut antigens.
Ly6Chi monocytes are mononuclear myeloid cells that, as
a short-lived transient intermediate, allow BM-resident precur-
sors to seed peripheral tissues with their progeny. Generally,
Ly6Chi monocytes are poised to migrate to sites of injury to
both promote inflammation and assist the restoration of homeo-
stasis. Ly6Chi monocytes thereby provide a transient functionally
versatile complement to tissue-resident macrophage compart-
ments that are established before birth and subsequently main-
tain themselves through longevity and limited self-renewal
potential (Schulz et al., 2012; unpublished data). Highlighting
the uniqueness of the gut, intestinal CX3CR1
hi macrophages
emerge as an exception to this rule. Thus CX3CR1
hi macro-
phages display a rather short steady-state half-life of about1086 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier In3 weeks (Jaensson et al., 2008) and seem to rely on the contin-
uous replenishment by bloodmonocytes (Bogunovic et al., 2009;
Varol et al., 2009) even under homeostatic conditions. This
feature is probably due to the unique exposure of the intestine
and its epithelium to the commensal flora, causing tonic sus-
tained low-grade inflammation.
Intestinal CX3CR1
hi steady-state macrophages display a char-
acteristic noninflammatory gene expression profile, including
their expression of IL-10, TREM-2, CD163, Stab1, MRC1,
LYVE-1, TNFAIP2 (A20), and RETNLA (FIZZ-1). We show here
that this expression profile is robust in that it remains largely
unaffected by DSS-induced acute colitis. We furthermore estab-
lished that adoptively transferred Ly6Chi monocytes acquire
the noninflammatory signature when replacing endogenous
CX3CR1
hi macrophages in the healthy tissue, potentially being
educated under the aegis of the epithelium (Artis, 2008). The
exact contribution of nonmigratory CX3CR1
hi macrophages to
the maintenance of gut homeostasis remains to be elucidated
and might be related to their ability to penetrate the gut epithe-
lium and sense luminal content (Niess et al., 2005; Rescigno
et al., 2001). The failure of CX3CR1-deficient mice to establish
oral tolerance suggests that these cells are important for the
maintenance or selective expansion of T regulatory cells (Hadis
et al., 2011).
Monocytes entering inflamed intestinal tissue acquire fates
distinct from the steady state. After transfer into mice bearing
DSS-induced lesions in the colonic epithel, Ly6Chi monocytes
gave rise to two functionally discrete CX3CR1-GFP
int cell popu-
lations. Shortly after transfer, graft-derived cells were retrieved
from the inflamed tissue as Ly6ChiCD11cMHCII+/ cells.
Notably, the colon of DSS-challenged mice was reported to
harbor two macrophage populations that can be discriminated
according to CX3CR1 expression, TLR profiles, and TNF-a
production (Platt et al., 2010). Our findings are also in line with
a report of CX3CR1-GFP
int and CX3CR1-GFP
hi cells displaying
proinflammatory and noninflammatory gene expression signa-
tures that accumulate in the inflamed colon (Weber et al.,
2011). Moreover, with the same adoptive transfer model of colitis
(Powrie et al., 1993) but focusing on the small intestine, a
CX3CR1
intCD103 cell population derived from Ly6Chi mono-
cytes that expressed proinflammatory cytokines was identified
(Rivollier et al., 2012). We show here that Ly6Chi effector mono-
cytes significantly upregulated components of the TLR2 and
NOD2 signaling cascade, as compared to blood monocytes.
Furthermore, when isolated and exposed to TLR4, TLR2, and
NOD2 agonists, CX3CR1-GFP
intLy6Chi effector monocytes but
not resident macrophages responded with the secretion of
IL-6. Uncontrolled reactivity to bacterial products could hence
explain the finding that ex vivo isolated Ly6Chi effector mono-
cytes display a pronounced proinflammatory signature as com-
pared to resident macrophages and circulating monocytes.
Three days after transfer of Ly6Chi monocytes into DSS-chal-
lenged colitic mice, grafted cells were retrieved from the in-
flamed host tissue as CX3CR1-GFP
intLy6Clo cells, a population
also readily identifiable in inflamed Cx3cr1gfp/+ colon. In addition
to now discernible expression of MHCII and CD11c, monocyte-
derived Ly6Clo cells differed from the acute Ly6Chi effector
monocytes in that they downmodulated expression of proinflam-
matory effectors and pathogen sensors. In contrast, these cellsc.
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toward draining lymphatic vessels. Furthermore, when isolated
from OVA-gavaged colitic mice, Ly6Clo cells, but neither Ly6Chi
effector monocytes nor CX3CR1
hi resident macrophages, were
able to efficiently stimulate naive OVA-specific CD4+ T cells.
Interestingly, microarray analysis revealed that Ly6Clo cells
also prominently express CD135, the receptor for the cytokine
Fms-related tyrosine kinase 3 ligand (Flt3L), known to be critical
for cDC development and homeostasis (Bogunovic et al., 2009;
Saunders et al., 1996; Schulz et al., 2009). Monocyte-derived
Ly6Clo cells are hence reminiscent of CX3CR1
int cells identified
by Schulz et al. (2009) in healthy gut that were found to expand
in response to Flt3L administration (Saunders et al., 1996).
When ex vivo peptide pulsed, these cells harbored in contrast
to CX3CR1
hi resident macrophages some T cell stimulation
potential, but lacked, as opposed to CD103+ DCs, the ability to
imprint gut-homing potential (i.e., CCR9 expression) on the re-
sponding lymphocytes (Schulz et al., 2009).
As revealed by the gene expression profiling and flow cytom-
eter-based single-cell analysis of the inflamed colon of
zbtb46gfp/+/WT mice, the Ly6Clo cell population also displays
prominent—though not homogeneous—expression of the tran-
scription factor Zbtb46, proposed to be a cDC hallmark (Mere-
dith et al., 2012; Satpathy et al., 2012). Notably, this finding is
compatible with the demonstration that GM-CSF-treated mono-
cytes display Zbtb46 expression (Satpathy et al., 2012). Of note,
the analysis of zbtb46gfp/+/WT mice revealed a considerable
heterogeneity of the CX3CR1
intLy6Clo cell population with
respect to Zbtb46 expression. Generation of both zbtb46+ and
zbtb46CX3CR1
intLy6Clo cells involves a CCR2+ precursor, as
shown by the fact that MC21 treatment resulted in their ablation.
Moreover, both cells are potentially migratory as shown by the
fact that they express CCR7. Future studies should hence focus
on potential distinct activities of these cells with respect to T cell
polarization or imprinting. Specifically, it will be interesting to
analyze how zbtb46+ and zbtb46CX3CR1
intLy6Clo correspond
to the CD11b+CX3CR1
int cells recently identified in the thoracic
duct of mice after mensenteric lymphadenectomy and shown
to induce IL-17 and IFN-g expression by T cells (Cerovic et al.,
2012). Also, a potential link of these lamina propria-resident cells
with proinflammatory monocyte-derived E-cadherin+ cells found
in the MsnLN of colitic mice should be further explored (Siddiqui
et al., 2010). Monocyte-derived DCs emerge as important
cellular players in the initiation or resolution of local adaptive
immune reactions (Cheong et al., 2010; Lin et al., 2008; Serbina
and Pamer, 2006). However, the exact contribution of these
inflammation-associated cells, in particular with respect to resi-
dent cDCs, remains to be defined.
Human lamina propria macrophages isolated from healthy
intestine were shown to exhibit profound inflammatory anergy
as reflected by their inability to produce proinflammatory cyto-
kines in response to a vast array of stimuli and explained by their
lack of expression of innate response receptors, including the
LPS coreceptor CD14 (Smythies et al., 2005). Interestingly, it
was shown that autologous radio-labeled monocytes can, after
transfer into IBD patients, give rise to a CD14+macrophage pop-
ulation (Grimmetal., 1995).More recent extensive flowcytometry
analysis has provided a more detailed characterization of this
population as TREM-1+, CX3CR1
+, DC-SIGN+, and TLR-2+ cellsImmand further demonstrated their ability to secrete proinflammatory
cytokines like IL-23 and IL-6 in bothCDandUCpatients (Kamada
et al., 2008; Schenk et al., 2007). The high resemblance in surface
marker profile and gene expression signature between these
proinflammatory lamina propria cells and the CX3CR1
intLy6Chi
effector monocytes described here suggests that these cells
might be identical. Studies like thepresent can, throughproviding
a high-resolution characterization ofmonocyte-derived cellswith
respect to their origin, trafficking requirements, pathways of
differentiation, and comprehensive gene expression signatures,
improve our understanding of the pathogenesis of human IBD
and might pave the road for novel therapeutic interventions.
Collectively, we have established here three distinct fates of
Ly6Chi monocytes in the healthy and inflamed intestinal mucosa,
resulting in monocyte descendants with discrete functions as
resident noninflammatory sentinels, proinflammatory cells, and
migratory T cell-stimulating antigen-presenting cells. Monocyte
and their progeny thus critically contribute to the maintenance
of gut homeostasis and its breakdown. Combined with emerging
evidence from other laboratories, this study further highlights the
plasticity of murine Ly6Chi monocytes and their equivalent in the
human, the CD14+CD16+/ monocytes (Cros et al., 2010). In-
depth understanding of the molecular cues that guide monocyte
fates in their respective in vivo context should provide attractive
targets for the management of inflammatory bowel disorders.
EXPERIMENTAL PROCEDURES
Mice
C57BL/6 CD45.2 mice were purchased from Harlan. C57BL/6 CD45.1, OT-II
TCR transgenic mice harboring OVA-specific CD4+ T cells (Barnden et al.,
1998), Cx3cr1gfp/+ mice (Jung et al., 2000), CD11c-DTR transgenic mice
(B6.FVB-Tg [Itgax-DTR/GFP] 57Lan/J) (Jung et al., 2002), and Ccr2/
Cx3cr1gfp/+ mice were bred at the Weizmann animal facility. Myd88/
Ticam1/ mice were kindly provided by E. Elinav (Yale University). Tlr2/
(Travassos et al., 2004) and Nod2/ (Kobayashi et al., 2005) mice were
bred at the Institute Pasteur animal facility. Zbtb46gfp/+ (BTBD4) mice (Satpa-
thy et al., 2012) served as BM donors. All mice were backcrossed against
a C57BL/6 background. CD11c-DTR/WT BM chimeras were generated as
reported (Varol et al., 2007). After BM transfer, the recipients were allowed
to rest for 8 weeks before use. All mice were maintained under specific-path-
ogen-free conditions and handled according to protocols approved by the
Weizmann Institute and the Institute Pasteur Animal Care Committee as per
international guidelines.
Cell Isolation, Flow Cytometry Analysis, and Sorting of Phagocyte
Subsets
Isolation of colonic lamina propria cells was performed by following a method
established previously with slight modifications (Varol et al., 2009). In brief, ex-
traintestinal fat tissue and blood vessels were carefully removed and colons
were then flushed of their luminal content with cold PBS, opened longitudi-
nally, and cut into 0.5 cm pieces. Epithelial cells and mucus were removed
by 40 min incubation with HBSS (without Ca2+ and Mg2+) containing 5%
FBS, 2 mM EDTA, and 0.15 mg/ml (1 mM) DTT (Sigma) at 37C shaking at
250 rpm. Colon pieces were then digested in PBS+/+ containing 5% FBS,
1 mg/ml Collagenase VIII (Sigma), and 0.1 mg/ml DNase I (Roche) for 40 min
at 37C shaking at 250 rpm. The digested cell suspension was then washed
with PBS and passed sequentially through 100 and 40 mm cell strainers. Anti-
bodies used for colonic lamina propria staining included: CD45 (30-F11),
CD45.2 (104), CD45.1 (A20), Ly6C (HK1.4), CD11c (N418), CD11b (M1/70),
IAb (AF6-120.1), CD86 (GL-1), and CD14 (all from BioLegend), CD103
(M290) (BD Bioscience), and F4/80 (CI:A3-1) (Serotec). For sorting strategy
of lamina propria phagocyte subsets, see Figure S2. BM cells were
harvested from the femora and tibiae of CD45.1 Cx3cr1gfp/+ or CD45.2unity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inc. 1087
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Monocyte Descendants in the Inflamed ColonCcr2/Cx3cr1gfp/+ mice and enriched for mononuclear cells on a Ficoll
density gradient. Ly6Chi monocytes were then sorted by gating on cells posi-
tive for CD115, CD11b, CX3CR1-GFP, and Gr1 (Ly6C/Ly6G) and negative for
CD117 (cKit). Spleens of Cx3cr1gfp/+ mice were mashed through 100 and
40 mm cell strainers, lysed with ACK (0.15 M NH4Cl, 0.1 M KHCO3, 1 mM
EDTA in PBS), and enriched for monocytes by magnetic cell separation
(MACS) with biotinylated-conjugated CD115 antibody (AFS98) followed by
streptavidin MACS beads (Miltenyi Biotec GmbH). Ly6Chi monocytes were
then sorted by gating on cells positive for CD115, CD11b, CX3CR1-GFP,
and Gr1 (Ly6C/Ly6G). Other antibodies used in this manuscript: CD4
(GK1.5), Gr1 (RB6-8C5), CD115 (AFS98) (BioLegend), and Valpha 2 TCR
(B20.1) (Invitrogen). Cells were analyzed with LSRFortessa flow cytometer
(BD) or sorted with a FACSAria machine (BD). Flow cytometry analysis was
done with the FlowJo software.
DSS-Induced Colitis Model and Murine Colonoscopy
Mice received one cycle (7 days) of dextran sulfate sodium salt (DSS) (MP
Biomedicals, C-160110) treatment 2% in drinking water. To monitor and score
colitis severity, we used a high-resolution murine video endoscopic system,
consisting of a miniature probe (1.9 mm outer diameter), a xenon light source,
a triple chip HD camera, and an air pump (‘‘Coloview,’’ Karl Storz) to achieve
regulated inflation of the mouse colon. Digitally recorded video files were pro-
cessed with Windows Movie Maker software (Microsoft). Endoscopic quanti-
fication of colitis was graded as previously described (Becker et al., 2006).
Histology and Immunohistochemistry
Tissues were fixed in 2% paraformaldehyde overnight at 4C and next impreg-
nated in 30% sucrose (in PBS/) for 48 hr. Sequentially, the colonic tissues
were rapidly frozen in O.C.T. (Tissue-Tek) in isopentane cooled with liquid
nitrogen and then cut with cryostat to 12 mm thick sections. Slides were
observed with a Zeiss Axioscope II fluorescent microscope and image acqui-
sition was conducted with simple PCI software.
Microarray Analysis
Total RNA was extracted from freshly isolated flow cytometry-sorted cells
from CX3CR1
gfp/+ mice. Total RNA was extracted with the miRNeasy Mini
Kit (QIAGEN). RNA purity was assessed with ND-1000 Nanodrop (Peqlab)
and BioAnalyzer 2100 (Agilent). The cDNA was prepared, labeled, and hybrid-
ized to Affymetrix GeneChip, mouse gene 1.0 ST according to standardmanu-
facturer protocols. Hybridized chips were stained and washed and were
scanned with the Affymetrix GeneChip 3000 7G plus scanner. Affymetrix Gen-
eChip Operating Software (GCOS v1.4, http://www.affymetrix.com/estore)
was used for the initial analysis of themicroarray data to convert the image files
to cell intensity files (CEL). Transcriptome analysis (processing of raw data,
clustering, and creating correlation matrices) was carried out with Partek
Genomic Suite 6.5 (St. Charles, MO; http://www.partek.com). The raw probe
intensities were adjusted based on the number of G and C bases in the probe
sequence, before any probe correction. Preprocessing was performed with
the Robust Microarray Averaging algorithm (Irizarry et al., 2003). Genes ex-
pressed below background levels (log 2 intensity of 5.5) in all examined condi-
tions were removed from further analyses.
Real-Time Quantitative RT-PCR
Total RNA was extracted from murine colons with PerfectPure RNA Tissue Kit
(5 PRIME) and from sorted cells with miRNeasy Mini Kit (QIAGEN). RNA was
reverse transcribed with a mixture of random primers and oligo-dT with
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
PCRs of TBP, IL-6, IL-23p19, IL-10, TNF-a, TLR-2, NOD-2, CCR7, E-cadherin,
IL-1b, TREM-1, TGF-b1, and IFN-g were performed with SYBR Green PCR
Master Mix kit (Applied Biosystems). Quantification of the PCR signals of
each sample was performed by comparing the cycle threshold values (Ct), in
duplicate, of the gene of interest with the Ct values of the TBP housekeeping
gene. For the list of the primers that were used see Table S2.
ELISA
The colons of DSS-treated mice were flushed with RPMI and open along
a longitudinal axis. Thereafter, 3 mm2 punch biopsies were obtained from the
distal colon and incubated for 24 hr in RPMI supplemented with 10% FCS1088 Immunity 37, 1076–1090, December 14, 2012 ª2012 Elsevier Inand antibiotics (one punch biopsy per 100 ml medium). Supernatants were
collected and kept in 20C until assessed. The production of the cytokines
IL-6, IL-1b, and IFN-gwas assessed with the DuoSet ELISA kit (R&D Systems).
Two-Photon Microscopy
To visualize cells in the intestinal lymphatics, wemodified a protocol described
before (Schulz et al., 2009). To label both lymphatic and blood vessels, 200 ml
Evans blue (0.2%; Sigma) was injected i.v. 30 min before sacrifice. This dye
leaks from blood vessels into the extracellular fluid and gathers in lymphatics
where it can be visualized based on its red fluorescence. To distinguish blood
vessels, we further i.v. injected the mice with high-MW dextran (MW 500,000;
Sigma) labeled with FITC 2 min before sacrifice. Mice were then anesthetized
with ketamine/xylazine 100/20 mg/kg. Laparotomy was performed, and the
intestinal lymphatics were ligated with a suture close to the MLN. Mice were
sacrificed and a 3–4 cm long intestinal segment corresponding to the cecum
and the proximal colonwith its intact vasculature and theMLNswas dissected,
glued into a cell culture dish, and submerged in cold PBS. The collecting intes-
tinal lymphatics were imaged with a 2-photon microscope (Ultima Multi-
photon; Prairie Technologies) incorporating a pulsed laser (Mai Tai DeepSee
Ti-sapphire; Newport Corp.) tuned to 930 nm to simultaneously excite Evans
blue, FITC, and GFP. A water-immersed 203 (NA 0.95) objective (Olympus)
was used. Three-dimensional reconstruction of the lymphatics was performed
with Improvision Volocity software.
T Cell Proliferation Assays
CD4+Ova-specificTcellswere isolated fromspleenandmesenteric lymphnode
of TCR transgenic OT-II mice via magnetic cell separation technique (MACS)
with anti-CD4 magnetic beads (Miltenyi Biotec GmbH). OT-II cells were labeled
with CFSE (C-1157, Invitrogen) and cocultured with mononuclear phagocyte
subsets sorted from the colonic lamina propria of mice subjected to DSS-
induced colitis and immunization with 100 mg OVA (Sigma Aldrich) by gavage
thedaybefore ratio of T cell/APCwas2:1. Analysisof T cell proliferationwasper-
formed by flow cytometric analysis of CFSE dilution 3.5 days after coculturing.
Endoscopy-Guided Colonic Transplantation
Ly6Chi monocytes were sorted to high purity (>95%) as described before and
injected into the colonic lamina propria submucosal layer utilizing a previously
described protocol established by our group (Zigmond et al., 2011), which is
based on the adaptation of the murine colonoscopy system. In brief, Ly6Chi
monocytes were microinjected (50 ml volume) directly into the colonic lamina
propria by the mouse colonoscopy system together with custom-made 30
gauge stainless steel flexible hypodermic needles with a 45 bevel (Cadence,
USA) that are passed through a Luer lock screwed on the working channel of
the scope.
Statistical Analysis
Data were analyzed by either by ANOVA followed by Bonferroni’s Multiple
Comparison test or by unpaired, two-tailed t test with GraphPad Prism 4
(San Diego, CA). Data are presented as mean ± SEM; values of p < 0.05
were considered statistically significant.
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